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I. Statement of Object
I. Object
It is the purpose of this thesis to determine the effect
of the slenderness ratio on a honeycomb sandwich panel when it is
subjected to both axial and eccentric loads.
II. Outline of Previous Work on this Subject
2II. Outline of Previous Work on the Subject
* A. General Description of a Sandwich Construction
1. Introduction
One of the most distinctive postwar contributions to
house and aircraft construction has been the recent development of
Sandwich Panels. In general, these panels are composites consisting
essentially of a light, thick core to both sides of which thin, dense
faces are bonded. When properly fabricated the material exhibits
good insulating qualities, high strength, stiffness, and yet weighs
less than one-half as much as cork. Moreover, the panels appear well
suited to factory production methods, thus giving a tremendous impetus
to low cost, pre-fabricated home manufacturers.
One of the major problems confronting the building man-
ufacturers of Sandwich Panels is the antiquated building codes which
are based on conventional materials. These codes require a certain
wall thickness for dwelling purposes regardless of the strength of the
material. But this problem is being solved by the Veterans Emergency
Housing Program which is in the process of ammending the building codes
of various communities in order to speed the construction of pre-
fabricated homes built with this material.
2. Face Materials
Generally, the purpose of the faces, or skins, in a
*Some of the description in this section was taken from "Honeycomb
Core Structures", by 0. S. Tuttle and W. B. Kennedy, Chief Engineer
and Structural Engineer, respectively, U. S. Plywood Corporation,
which appeared in the September 1946 issue of "Modern Plastics"
magazine.
3sandwich structure is to impart rigidity and strength. Selection of
the same face material, with equal coeffecients of expansion and gage
thicknesses, is important in that a well balanced sandwich will result.
Otherwise the danger of warping will occur. The bases for selection
of skin material will be governed by the product desired and its ulti-
mate use.
The following examples illustrate the versatility of
sandwiches and the many varied uses obtainable by the choice of faces:
a. Excellent structural properties are obtained by
using thin gages of high strength metals, which
have a high modulus of elasticity. Such metals
are magnesium, aluminum, stainless steels, etc.
b. Excellent electrical-properties are obtained by
using skins of a laminated glass fiber and a
glass fiber honeycomb core.
c. Good appearance plus strength properties are
obtainable by using two or more plies of decor-
ative veneer.
d. Stainless steel on laminated asbestos paper
skins on asbestos honeycomb core will give
good fire resistance.
3. Core Materials
The function of the core in a sandwich structure, aside
from imparting lightness in weight, is to hold the fq\ces apart by
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resisting loads perpendicular to the plane of the face, to stabilize
thin faces against local buckling at low stresses and to resist
shear between the two faces.
The original sandwich panels developed during World
War II had cores made of balsa wood. But due to the shortage of
this material during the war, research in the development of light
weight synthetic expanded plastic cores was inaugurated. The follow-
ing methods of producing a porous plastic core resulted:
a. The manipulation of plastic into a doughlike
condition, then expanding it by the action
of a blowing agent.
b. Incorporating a soluble solid in the plastic,
then leaching it out by solvents after moulding.
c. Mixing fibrous or other bulky constituents with
a binding substance.
d. Dissolving gases in a soft plastic.mqss under
a high pressure, and then, releasing pressure
to permit the gas to expand.
e. Forming plastic material or a resin-impregnated
fabric into a bulky geometrical structure of
low density.
Of the six mentioned methods of core production, the
thesis will concern itself with Type e, from which the honeycomb core
is evolved.
54. The Honeycomb Core
a. Material
A resin-impregnated sheet material, which has been
cured and assembled into the form of nestled hexagonal shaped cells
is used in the making of a honeycomb core. Although any number of
different types of fabrics, papers, or fibrous combinations may be
used, only a few of the most promising have been tested and selected
for standard production. These are:
1. 4-oz. cotton sheeting
2. 8-oz. cotton duck
3. Fiberglasgcloth
4. 11-mil paper
5. Asbestos paper
All of these materials were impregnated with a phenolic type resin
except the Fiberglasscloth which was impregnated with a polyester type
resin.
The ultimate use of the sandwich will govern the mate-
rial selected to make the honeycomb core. For most commercial appli-
cations, the low-cost cotton sheeting or paper impregnated with a
phenolic type resin has been found most satisfactory. If electrical
properties are the deciding factors,.a core of glass fiber cloth im-
pregnated with a polyester resin would be the logical choice. Where
fire resistance is desired,' an asbestos paper core with a phenolic
resin binder would be chosen. And if thermal insulation is required,
the introduction of insulating material into a honeycomb cell could be
achieved.
6b. Size of Honeycomb
A honeycomb core with a 0.375 inch to 0.427 inch
cell size measured across the flats is currently being produced by
the United States Plywood Corporation, giving an economical and
satisfactory core for nearly all applications. The versatility of
the honeycomb set up does not restrict itself to these sizes, for
if larger or smaller cells are desired, either for structural or
other reasons, they are readily available and require little change
in fabrication and assembly methods.
As an aid to production economics, standardization
of core thicknesses has resulted. These thicknesses are: 0.250,
0.3125, 0.375, 0.4375, 0.500, 0.625, 0.75, and 1.00 inch.
c. Manufacturin the Core
Two methods are currently being used in the manu-
facture of the honeycomb core.
In one, the honeycomb is cured on a corrugating drum
in the form of a continuous corrugation. The corrugated sheets are
then cut to length, indexed and assembled into block form - resembling
a honeycomb log. This log is sliced on a band saw into sheet form
for final panel assemblies.
The other method involves strip gluing single sheets
of material to a pattern. These are then assembled in a stack for
curing in a press. The cured solid blocks are cut into strips, which
are expanded to make honeycombed core sheet. The expanded honeycomb
is then sprayed or dipped in a resin bath, is dried and cured in an
oven.
'7
5. Fabrication and Assembly of the Sandwich
Many variations for assembling and fabricating the
sandwiches have been devised, all of which depend in part upon the
specific uses to be made of the finished product, and the materials
which go into making the faces and core. Since this thesis concerns
itself with flat panels, the discussion herein will deal with the
same.
The bond between the faces and core of the sandwich
is achieved by the use of an adhesive. Care should be taken in
spreading the bonding agent evenly over the core in order to insure
even distribution. Due to the limited contact area between the
honeycomb and face, the problem of obtaining a strong, mechanical
bond between core and faces is especially vital, for it is this bond
that is the key to a good honeycomb structure.
Factors which characterize a satisfactory adhesive are:
a. An adhesive capable of withstanding sustained
high stresses of elevated temperatures.
b. It must have good toughness characteristics,
augmented by strip tests data.
c. It must be capable of withstanding fatigue
loading.
d. Curing and handling characteristics of the
glue should not be critical.
The final step in fabrication is the reinforcing of
the core along the edges of the panel. Reasons for such measures are
8attributed to the low density material and thin faces of which the
core consists. In most cases, use of high density inserts is de-
sirable. Materials commonly used are plastic, wood, aluminum extru-
sions, and solid aluminum. Thus the bearing area of the sandwich is
improved and points for structural attachments obtained.
B. Representative Tests Conducted on a Honeycombed Sandwich
Panel
1. Weatheriw Tests 1 *
Since sandwiches are relatively new, effects of
weathering is questionable. Recent research in an accelerated
weathering cycle was as follows: The cycle consisted of subjecting
a sandwich sample to conditions of 1200F and 100% relative humidity
for 16 hours, 4 hours at 500F, and 3 hours at 1600F. Each cycle was
repeated once a day for 5 days and was followed by 2 days at 1200F
and 100% relative humidity. The sample was then checked for weight
changes and changes in dimensions as well as for column compression
strength and flexural stiffness. Shear strength of the core and
toughness of bond was determined at the end of a 12 week period.
2. Fatigue Testsi-
Test for fatigue characteristics yielded the following
results:
a. Panels 24" x 24" withstood conventional
25 hour shaking table tests without any
effects.
1. Descriptive matter obtained from tests conducted by W. W. Troxell
and H. C. Engel of the Glen L. Martin Company.
9b. Fatigue limit with flexural fatigue tests
reached approximately 70 psi shear stress
in the core. This is eonsidered satisfactory
since shear stresses of this magnitude are
not experienced in typical high-strength
applications where repeated loads are anticipdted.
3. Water Immersion Te '
Samples of sandwiches were immersed in water for
periods of 3 days and 7 days thus exposing them to severest condi-
tions possible. At the end of each period, with the sample still
wet, tests were conducted by bending over a 6 inch span in order to
determine the shear strength of the core and its modulus of rigidity.
Also, effects on the bond were investigated by subjecting the sample
to a strip test, thereby determining the toughness of the sample.
4. Flexure Test with Load Perpendicular to the
Surface of the Facel*
Three types of failure may take place in a sandwich
loaded perpendicular to its face. These are:
a. Shear failure of the core
b. Compression failure of the core
c. Failure of the faces
The first two failures are the result of the load in the panel ex-
ceeding the ultimate shear and compressive strengths of the core,
while the last type indicates failure of the faces in either tension
or compression due to the bending stresses developed.
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5. Column Action Testsi'
Two types of failure occur from column action. These
are; local buckling of the very thin metal faces into the honeycombed
cells, and shearing of the faces away from the core.
Due to a decrease in the efficiency of the faces, the
average stress on the face is less than would be obtained with un-
buckled faces, thereby producing the first mentioned failure.
The second type arises from the fact that the faces
are plates on elastic foundations and are therefore subject to
instability in themselves. This type of failure is often referred
to as "wrinkling failure".
C. Conclusions
1. Application of the Sandwiches
Recent developments, especially in bonding, have given
tremendous impetus to the improvement of the sandwiches. This is
evidenced by the increased uses being made of sandwich materials.
Not only are they finding their way in the construction and aircraft
fields, but they are being used in industrial and house trailers,
railroad passenger cars, lightweight furniture, luggage, cold storage
containers, etc.
2. Design
Design of sandwiches has been for the most part
empirical. Based on the strain energy theory of buckling of the
faces, designs have been obtained which will yield a simple formula
permitting a choice of the most suitable core material, when the
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mechanical properties of the face material are known.2 ' Any attempt
to present this theory would be beyond the scope of this thesis.
3. Previous Tests
Due to very recent prominence of the sandwiches, re-
search in this field has been somewhat limited. Tests by companies
other than those previously mentioned in this section have been
carried out by the Forest Products Laboratory, which tested panels
with their faces made of plywood and cores of balsa, or metal facing
with plywood cores. Tests on sandwiches made of expanded plastics
have been carried out by the Libbey-Owens-Ford Glass Company, Lincoln
Industries, Inc., and various airplane companies, include Martin Air-
craft, United Aircraft, etc. The type tests carried on were similar
to those described under Part B of this section.
2. "The Building of Sandwich-Type Paiiels", N. J. Hoff and S. E.
Mautner; J. Aero. Sci., 12, 285 (July 1945)
IEI. Procedure
A1A-
III. Procedure
A. Description of Apparatus
One of the main difficulties encountered during this
thesis was the perfection of a set of jigs which would give suitable
end fixity and also allow the application of loads uniformly across
the width of the panel. The jigs were fabricated from hot-rolled
steel plates and bars welded together. The use cC steel insured that
the deflection of the jig along the top of the panel would be a mini-
mum, giving the desired uniform distributed load across the panel.
The panels were bolted by five 1/2" bolts to the slotted portion of
the jig. (Fig. 1) These bolts passed thru holes which were pre-
viously bored through the 1" square wooden end blocks prefabricated
with the panel. These blocks were bonded to the aluminum faces of
the panel and underneath to the honeycomb core.
The load was transferred to the jigs from the testing
machine by means of circular rollers. These rollers contacted the
jig at their point of tangency alone, thus giving what could be con-
sidered a uniformly distributed load along the line of tangency. The
rollers were connected to the jig by means of two bolts with their
heads cut off, these bolts being permanently screwed into the rollers.
(Fig. 1) The protruding ends of the bolts were fitted into holes
bored at the desired loading points (i.e. axial, 2"1 eccentricity, etc.)
on the 8" x 25"1 plate on the jig. Thus, when it was desired to change
the point of loading, all that was necessary was a movement of the
roller.
The testing machine was a 300,000 lb. Southwark-Emery.
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It was impossible to read the load on the dials of this machine any
closer than 10 lbs. This was the only undesirable characteristic
of this machine however. It was necessary to use a machine large
enough to accommodate a 6' panel. Also there had to be sufficient
clear distance between the uprights of the machine to clear the jigs
and to allow for the deflection of the panel. The 300,000 lb. South-
wark-Emery had both these desirable features.
Deflections were measured by means of Ames-Dials at
the .25, .40, .50, .60, .75 points of the panels. (Fig. 3) This
thesis will concern itself with the .50 point, but it was advisable
to measure the deflection at these other points to provide data for
further research. Also, the elastic curve for the panel can be
approximated from these points.
The strain at the midpoint of the panels on the com-
pression face was measured by means of an electric strain gauge.
The leads from this gauge were connected to a SR-4 strain box which
in turn was connected to an unloaded neutral panel. From this con-
nection, it was possible to read the change in strain at each load.
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B. Procedure in Making Tests
The procedure used in making the tests was relatively
simple and straightforward. The panels were tested in the order of
height, the six foot panels first and then, following in order of
decreasing height. As it was desired to fail the panel axially, the
load was applied first at a 6" eccentricity, then at four and two
inches.
This proceedure was used so as to insure completion
of the large number of tests anticipated on the five panels. Since
it was not known how the materialA would react under the different
conditions of load, the taller panels were tested first because they
would allow greater deflections without permanent deformation.
The method-of making the test was as follows. The
panel was bolted in the jigs and the loading rollers placed in
position at-the desired eccentricity. The specimen was then placed
in the testing machine. The movable head of the machine was lowered
on to the rollers applying a negligible load, but securely holding
the jig and panel combination in place. The electrical strain gauge
at the midpoint of the panel was then connected to the strain box
and a reading was taken for zero load. Next, the five dial gauges
were placed in position on the tension side of the panel. (Fig. 3)
There was an Ames dial to measure the deflection at the midpoint,
the four and six tenths points, and at each of the quarter points.
These points were assumed so as to give a close approximation of
the elastic curve in bending. After zero readings had been taken
on each of the Ames dials, the test was carried out.
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Readings were taken at approximately each 0.025 inch
deflection of the midpoint. It was impossible to watch the movement
of all five dials simultaneously; therefore, the center dial was used
for reference. Readings for the load and strain were taken as well
as deflection. It was necessary to reset the Ames dials at various
intervals because the panel deflection exceeded the travel of the
dial indicator. At this point, the dials were moved and reset to
their previous readings. The same proceedure was used for all the
panels and all eccentricities.
A certain midpoint deflection was assumed as failure
in the cases of eccentric loading, and the tests carried on until
this point was reached. In some cases the loading was carried farther
as the panel indicated it would take more deflection. If noises in-
dicating internal cracking were heard, the load was immediately re-
moved, but it is likely that dome permanent injury was done to the
panel. This klatter point is discussed in greater detail under the
sources of error. The failure test on each panel was an axial load.
In this case, the deflection was negligible under direct load, so read-
ings were taken in most cases at intervals of 1000 lbs.
It was thought that the 21 panel would be injured if
loaded at all three eccentricities. Therefore, the panel was loaded
eccentrically at 6"1 and then failed axially.
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C. Methods of Computations
The computations involved in this thesis were rela-
tively few. For the purpose of computing the slenderness ratio (the
panel length divided by the radius of gyration about the axis of
buckling), it was assumed that only the two aluminum faces carried
all the stress. This meant that, in computing the radius of gyra-
tion, the moment of inertia and cross-section used was that of the
two aluminum faces. This is a reasonably accurate assumption, since
the basic purpose of the honeycomb is to provide rigidity to the
faces, and not to carry loads. The geometric construction of the
honeycomb also insures that if load is carried at all, it is a negli-
gible part of the total.
The stress values plotted as the ordinate value of
the curves are the load divided by the cross-sectional area of the
faces.
Where eccentricities of load are involved, the effect
of the bending moment caused by the jigs upon the panel is taken into
account. When the panel was bolted in position, the jig caused a
moment upon the end of the sandwich equal to the weight of the jig
multiplied by the distance between the center line of the panel and
the center of gravity of the jig. In the cases of eccentric loads,
the effects of the jig and load moments were cumulative. Thus the
load value given in the tables and curves has been increased by an
amount equal to the jig moment divided by the eccentricity. These
values were as follows:
2 inch eccentricity = 90 lbs.
4 inch eccentricity = 45 lbs.
6 inch eccentricity = 30 lbs.
D. Discussion of Error
The test data given in this thesis provides a step
in the right direction, but it is not all conclusive. To provide
ample check data for the values herein, more tests of each type
should be run.
As all the tests were run on five panels, the conclu-
sions that can be drawn from the data are incomplete. The method of
testing was described previously, and herein lies the greatest source
of error. The eccentricity of the load was varied starting at 6"1
and changing it until the panel was ultimately failed axially. In
using this proceedure, it is highly probable that the panel received
stresses which caused permanent deformations and failures in both
the honeycomb core and the glue-line. A certain midpoint deflection
was assumed as failure at an eccentric load, and the panel was tested
to this point. In most cases, this point was 1/2", but when the
panel indicated it would carry greater load without any permanent
deformation, this value was increased. However, in some cases,
cracking was heard before this limit was reached. The test was im-
mediately stopped when this was heard, but it seems likely that the
panel was permanently injured. This conclusion is also borne out by
the type of failures. In only two cases was it clear that the maxi-
mum load had been reached. These were in the 41 and one of the 61
panels (Panel 4). The aluminum face on the compression side of these
panels was wrinkled, and the load had reached a maximum and was drop-
ping off. In the other three panels, the break came in the glue-line
between the aluminum face, honeycomb core, and the wooden end support
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block. This point was at the end of the panel where it was bolted
to the jig. This is where the panel was most likely to receive.
stress concentrations when it was subjected to eccentric loads. The
jiV afforded almost complete fixity to the panel when it was bolted
and shimed in position. Thus, under eccentric loads, the bolts
tended to crush the wood blocks and tear the aluminum face. As the
panel assumed its elastic curve under load, it was impeded by the
fixity it received from the jigs. Thus, the true elastic curve was
not reached until approximately two-tenths the panel height.
Permanent defl4ctions in the panels caused the fail-
ure load axially to be lower than if the panels had been subjected
to axial loads alone. If the values of the deflection under axial
ns C:'-
loads are ipe ed, it may be seen that the panel deflected more as
the load was applied initially. It seems that after the inherent
deflection was initially compensated for, the deflection was negli-
gible until the yield point was reached.
Another source of error that is impossible to
evaluate is that caused in the fabrication of the panel. Any oper-
ation requiring the development of a strong glue bond between two
dissimilar materials is likely- to cause differences in each specimen.
In fabricating a honeycomb sandwich, glue is applied separately to
both the aluminum face and honeycomb core. After this has set, a
thermosetting glue is applied and the glue bond is developed under
heat and pressure. This operation takes approximately twenty minutes.
At this time, the panel is removed from the hot press and allowed
to cool to room temperature. This whole proceedure is a delicate
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operation. Mr. Charles Hemming, Vice-President of the U. S. Plywood
Corporation, stated that if the glue applied initially to either
the face or core was touched by a worker, there would not be any
bond developed at this point. This gives further indication as to
the precision of the operation.
The discontinuity of the honeycomb does not enhance
the possibility of developing a strong glue bond. In all deference
to the manufacturers of this material though, the glue bond in the
case of all five panels was excellent. Even in the 6' panel, where
thd aluminum tore away from the honeycomb at approximately the four-
tenths point, the aluminum had wrinkled. It appears that the glue
line and the aluminum face had reached failure simultaneously.
As was previously discussed, the failure in three
panels occurred at the connection of the panel to the jig. This
indicates that the addition of loading blocks at the ends of the
panels weakened the panels. The jigs that were employed necessitated
the use of wooden loading edges, so as to allow the panels to be
bolted in'position. Though, in the estimation of the authors, the
jigs employed were the ones most adapted to the desired loading
conditions, but if a feasible method could be devised to fix the
panel in a jig without employing end blocks, the sandwich,in all
likelihoodwould be capable of carrying greater loads.
Another source of error is the instruments involved
in the tests. echanical. errors in the Ames dials, the strain box,
and the load indicators on the testing machine increase the possible
error. The load dials on the testing 'machine were calibrated in
divisions of 100 lbs. This made it necessary to interpolate to
obtain values to the nearest 10 lbs. In all cases involving the
reading of gauges, the human error was introduced.
Small errors involving the cosine of the angle
which the Ames dial made with the panel enter the scene. An
attempt was made to have the dial gauges perpendicular to the
panel face in all three planes. But nevertheless, it was impos-
sible to check this perpendicularity. The errors involved are the
cosines of very small angles and can be assumed negligible. Also,
the Ames dials had to be reset at intervals when they had reached
the end of their travel. It was impossible to reset all five dials
to their previous position. In all cases, the dials were reset
within a division (.0005"), but these errors were cumulative each
time the dials were reset.
IV. Test Data
*1
Fig. 1. Disassembled Parts of the Test Jigs
Fig, 2. Test Jigs with Loading Rollers
in Place for Axial Test.
Fig. 3. Actual Test Set Up for a 6 Foot
Panel Under Axial Load
Fig. 4. 6' Panel Bending Under Axial Load
IFig. 5. Wrinkling of the Aluminum Face at
Maximum Axial Load - 6' Panel (4)
to ; ww
IFig. 6. Fracture in 6' Panel (4)
Fig. 7. Fracture in 4' Panel
Fig. 8. Fracture in 3' Panel
Fig. 9. Fracture in 2' Panel
Fig. 10. Composite of Panel Fractures
Under Axial Loads
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2
3
2
2
4
6
7
7.5
8
8.5
9
9
8
6
5
5
4
4
'0
.l
7
9
9
6
5
3
4
3.5
3
3
2
2
1
- .5
-2.5
-2.5
-3
-6
-8
38,000 failure
- 21 PanelAxial Load
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Axial Load - 3' Panel
Divisions
Load Strain -2 -0 -,50 -,60 -,75
0 0 0 0 0 0 0
175 f-8 0 - .5 -1 - - 1
1000 75 +1 -3 -6 -8 -12.5
2000 141 3 -3.5 -7.5 -11 -16
3000 220 4.5 -2.5 -2.5 -12.5 -21
4000 293 5.5 -2 -7 -13.5 -24.5
5000 362 7 0 -5.5 -12 -23.5
6000 441 10 +4 -1 - 7.5 -20
7000 521 14.5 9 + - 3 -17.5
8000 600 17 13.5 13.5 + 1.5 -14.5
9000 674 20 18 13.5 6 -l0.5
10,000 750 23.5 23 19.5 12.5 - 5
11,000 815 27 28.5 26 19.5 + 1.5
12,000 866 29 32 31 25 8
13,000 934 32 36 36. 30.5 14
14,000 1000 35 41.5 42.5 38 23
15,000 1069 39 47 49 45 29.5
16,000 1139 44 55 58 54 38
17,000 1225 50.5 64.5 68.5 65 48
18,000 1314 58 74.5 80 77 58
20,o 19,000 1413 68 88.5 97.5 94 73.521,000 -+1542 79 104. 114 iii 87
22,000 1692 97 128.5 142.5 138 108.5
22,700'* 1856 122 162 176 171 135
failure
Axial Test - 41 Panel
Divisions
Load Strain -,25 -. 40 -,50 -,60 -,75
0
150
375
675
975
1275
1575
1875
2175
2500
2700
3000
3300
3600
3900
4200
5000
6000
7000
8000
9000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
18,000
19,350
0
+ 2
+ 6
+17
+19
- 1
4 5
8
13
18
41.5
51
62
78
87
103
135
176
214
253
296
332
372
411
435
472
501
530
607
671
0
-3
-11
-22.5
-2705
-3105
-35.5
-40
-47.5
-56.5
-56.5
-56.5
-58.5
-61
-61.5
-62.5
-64
-64.5
-63.5
-60
-54
-4505
-25
-18
-13.5
-11
-9
- 6.5
- 1
+26
0
-4
-16.5
-36
-46
-52.5
-59
-65.5
-78
-90.5
-91
-92.5
-94
-96
-97
-98.5
-101.
-101.5
-101.5
-99
-93.5
-86.5
-58*5
-52.5
-48.5
-46.5
-43
-39
-34
+ 2
0
- 4.5
-20
-45
-56.5
-65
-72
-80.5
-95
-108
-109.5
-110.5
-112.5
-114.5
-116
-117.5
-122
-122
-122
-119
-114
-109
-76.5
-71
-67
-65
-62
-60
-54
-18
0
-6
-24
-54
-67.5
-77
-85
-95
-110
-128*5
-130
-131
-133
-137
-136
-138
-141
-143.5
-144
-142
-138
-135
-98
-93
-90
-89
-86
-84
-79
-46
0
- 7.5
-28.5
-64.5
-79
-88.5
-96
-106
-122
-142
-142.5
-138
-145
-147.5
-149
-151
-151
-155
-157.5
-158
-156
-156
-113.5
-111
-109
-109
-107
-106
-104
-80
20,200 failure
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Axial Load - 6' Panel (4)
Divisions
Load Strain -:.25 -,4.0 -. 50 -.60 -,75
0 0 0 0 0 0 0
175 3.9 -7.5 - 7.5 -15 -11 -6
425 13.6 -52 -36 -52.5 -59 -16.5
1325 72 -43 -31 -50.5 -60 -23
2075 118.5 -44 -35 -55.5 -67.5 -33
2575 157 -40 -29 -49,5 -61 -25
3075 181 -38.5 -27.5 -48.5 -60 -25.5
3575 208 -38 -26 -47 -59.5 -25.5
4075 237 -35 -24 -45 -58 -25
4575 284 -31.5 -20 -40 -54 -22.5
5075 313 -26 -13 -34 -48.5 -18.5
5575 344 -17 - 2 -22 -36.5 -10
6075 392 - 4.5 415 - 5 -20.5 .2
6575 462 +20 52.5 +28.5 .12.5 27.5
6895 537 68 110.5 495 470 75.5
7055 576 87.5 144.5 1-130 109 101
7245 633 128.5 192.5 ' .180 157 137
7355 683 165 240 4-230 206 172
7475 746 204.5 295 +286.5 258.5 211
7575 790 234.5 335 +-328.5 299 241
7675 841 270 383.5 4379.0 348.5 277
7775 880 296.5 420.5 *415.5 384.5 301.5
7755 892 316 437.5 +434. 399.5 312.5
7875 959 358 498.5 +499.5 462.5 360
7915 1000 383 532.5 +535 496 384
7995 1043 417 577.5 +582.5 542.5 417.5
8075 1100 451.5 625.5 +633 592 453
8125 1131 456.5 672 +682.5 637 487
8125 1190 490 718.5 +731.5 686 522
8195 1248 527 770 +785.5 737.5 560
8275 1296 558.5 813 +831 782 591
8475 failure
Maximum delfection w 6-1/2"
2" Eccentricity - 3' Panel
Divisions
Load Strain -,25 -,40 -,50 -,60 -.75
0
200
630
1090
1690
2200
2720
3270
3690
4090
4370
0
29.5
157.5
298
482
665
840
1019
1183
1338
1439
0
+11.5
56
97
138.5
177.5
215
251.5
290
327.
359
0
+12*5
62
106.5
157.5
206.5
253.5
299.5
351
394.5
434
0
+12.5
63
110.5
163
213
264
313.5
363
412.5
458
0
+12.5
61
105
154
203
250.5
297.5
346
393.5
439
0
+10
50.5
8505
124
162.5
201
239
277.5
318
360
37
2" Eccentricity - 4 Panel
Divisions
- 50Load Strain -
0
+14
57
100
141
182
224
266.5
305
343.5
37205
421.5
461.5
502
540.5
582
601
0
416.5
65*5
115
163.5
212
262
312
360
407
443
500
550
599
646
695
718
.60
0
190
490
780
1065
1325
1615
1815
2115
2365
2550
2690
2915
3115
3300
3490
3565
0
19.7
8805
146
197
256
312
375
416
468
512
540
591
640
682
729
738
0
+16
65.5
115
164.5
215*5
266
317
367.5
416.5
454.5
514
564.5
615.5
665
716.5
740
0
+15.5
63.5
109
156.5
204.5
253
301
349
396
432.5
489
538.5
587.5
637.5
684.5
708
0
+12
49
83.5
120
157
195
229
266
301.5
329.5
373
311
349
388
422.5
441
-, ,i,25 - 40
38
2" Eccentricity - 6' Panel (4)
Divisions
Load Strain -.25 -.40 -,50 -,60 -,75
0
160
310
470
590
740
870
980
1090
1190
1300
1400
1510
1620
1710
1830
1920
1990
2070
2120
2230
0
34
75.6
114
155
206
244
289
330
370
412
460
507
553
593
649
700
739
787
830
892
0
f38
77
114
151.5
192.5
228
267
305*5
343
380.5
422
462
500
537
578
620
662
699.5
736.5
779.5
0
t49
98
145
194
246t
292
340.5
389
437
485
534.5
585
634
681
730
784
835
881.5
929
981.5
0
4-50
100
147.5
198
252.5
300.5
349
399
449
498*5
549.5
599
649
698
746.5
801
853
899
948
999
. 0
98
146.5
196
249
294.5
343
392
440
487.5
535.5
583
631
678
724
776
827
86905
916.5
961.5
0
+41
82
121.5
162.5
205.5
243
281.5
321
359.5
395.5
433.5
466.5
501.5
539.5
561.5
599.5
640.5
674.5
710.5
731
39
21 Eccentricity -.6 Panel(
Divisi6ns
Load Strain -. 25 -. 40 -. 50 -. 60 -. 75
0
140
280
430
560
690
810
930
1060
1180
1310
0
14.5
55
98
137
183
225
276
308
355
406
0
t13
49-5
91
121.5
16905
220.5
261
295
33705
376
0
+16.5
62
112
157
210.5
260
309
352.5
405
457
0
+16.5
62
113
159
212.5
263.5
313.5
361.5
418
462
0
+15.5
58
1o6
150
200
252
299.*5
346.5
394
438
0
t11.5
44.5
80.5
116.5
155
194
227
265
29905
328
40
4"1 Eccentricity - 31 Panel
Divisions
Load Strain -.2 ./0 -50 -60 -7
0
145
370
520
845
1120
1295
1545
1865
2045
0
53.2
173
315
460
620
722
918
1069
1184
0
q-13
54.5
97
137
181.5
209.5
260
301
329
0
+416
65
113
160.5
212
245
306.5
353
386
0
+16
65.5
117
166.5
219.5
253
317,
366
397
0
.16.
65.5
112
158
208
239
29905
343
374
0
+-13
52.5
93.5
130.5
169.5
193.5
240.5
273.5
301.5
41
4"1 Eccentricity - 4' Panel
Divisions
0
+24
66.5
109
148*5
188
227.5
272
314
352.5
393.5
440.5
478.5
499
516.5
564
0
+38.5
88
139
187
235
282
335.5
385.5
432.5
480
535.5
580.5
606
626
679
0
+38.5
89
140
189-5
239
288.5
341
393
443
489
546
592
620
639
691.5
0
125
265
445
555
710
835
965
1120
1235
1370
1545
1645
1695
1745
1845
0
39.5
108
168
207
256
300
352
401
440
492
549
581
601
609
652
0
+.37
85
133.5
182
230
276.5
324.5
374
422
463.5
518
563
589.5
627
675.5
0
t24.5
64
99
139
178
214.5
245
284.5
323.5
351
392
428
452
460
493
-.-. 6.- 60 -. 7- 40
4" Eccentricity - 6' Panel (4)
Divisions
Load Strain -,25 -.40 -,50 -.60 -. 75
0
94
164
244
324
364
434
504
554
624
664
734
774
844
894
944
1004
1054
1104
1144
1184
1244
1264
1324
0
40.8
81.6
120.5
159
185
227
270
307
346
382
426
467
507
541
586
628
666
704
740
780
817
858
895
0
t40
75.5
116
156
194
237
278
317
357
394
439*5
478
519
556
596.5
637*5
676
715.5
758*5
799
837.5
878
915
0
+49
98
146.5
196.5
243.5
293
339
391
440
486.5
540
588
639
684.5
735.5
785
832.5
882
932.5
982
1030
1078-5
1125.5
0
+50
99
150
201
249.5
299
351
400
451
498.5
551.5
601
653
700
749.5
800.5
849
900
950
1002
1050.5
1100
1148.5
0
+48
95.5
143.5
192.5
239
284.5
333.5
380
430
475
520
572
622.5
667
711*5
759
806
856
901.5
950.5
996
1043.5
1090
0
+38
75.5
114
154.5
192
223.5
258
299*5
340.5
375.5
410.5
448
489.5
524.5
555.5
592
629
664.5
697.5
736.5
77305
811.5
850
43
4" Eccentricit - 61 Panel (5)
Divisions
Strain
0
50.5
91
130
179
207
246
280
316
359
373
,.25 -,4O 50 -. 0 -75
0
+50
90
128
168
206.5
239.5
283
321
363
380.5
0
+64
115.5
16205
212
259-
310
351.5
397.5
451
473
0
t66
119
169
218.5
268
319.5
362.5
410.5
467.5
491
Lod 
0
145
225
270
360
445
505
550
625
680
705
0
465.5
118
167
214.5
262
312.5
352.5
398.5
451.5
473
0
452
93.5
133
168
205
242.5
276
313
357
378
T.nntq
44
6" Eccentricity - 21 Panel
Divisions
-~. --150
Load train - . ,-S - - -. m t;.
0
+29
61
120
168.5
217.5
0
+34
71
134
186
240
0
+.34
71
134
185.5
235.5
0
260
510
680
820
930
0
98.4
205
274
319
374
-60
0
+-37
78
139.5
191
243
0
+34
71
128
179-5
231
-. 75_25
45
6" Eccentricity - 31 Panel
Divisions
Load Strain -. 25 -.40 -.50 -.60 -. 75-
0
120
260
420
540
660
780
890
1020
1080
0
98.4
230
350
466
575
686
781
872
938
0
+30
70
110
152.5
194.5
233
272
310.5
345.5
0
+36
83
129.5
178
227.5
275
321.5
374
412
0
+37.5
86.5
135.5
186
238.5
287
33705
388.5
437
0
+36
8305
131
178
228
277.5
327
378.5
429
0
+30
69.5
109.5
150
193*5
237
283
332.5
38305
46
6" Eccentricity 41 Panel
.Divisions
raan -,2 4
0
+45
83
124
162.5
210
253.5
295.5
338
388
429.5
463
507.5
- 0
0
+54
99.5
148
193
247
297
346.5.
393.5
448
499.5
540
592
-. 60
0
125
205
305
370
470
540
630
700
795
840
920
1000
0
72
133
190
225
271
318
363
390
445
471
505
535
0
+50
92
148.5
194.5
24905
299.5
349.5
399
451.5
504
54505
600
0
4.54
99.5
149.5
19205
242.5
290
338.5
386
437.5
484.5
523.5
576
-. 75
0
445
83
124.5
159
198.5
237
276.5
317
341
386
416
460
- to
47
61 Eccentricity - 6t Panel (4
Divisions
Load Strain
0
90
140
200
250
310
340
390
430
460
510
535
570
610
640
670
0
36
87.4
123
166
209
241
279
318
349
386
422
459
492
526
561
0
t43
86
120
163
197
236
278.5
319
357.5
398
440
481.5
520.5
562
601.5
-. iO
0
+53
105.5
149.5
203
246
295.5
347.5
395
440
490.5
541
591
63705
687.5
736
-. 50 -. 6o .-.. 7.5_
0
450
104
149
203.5
250
300
353
401
448
500
550
600
649
702
751
0
452
103.5
1/48
201.5
245
293
342.5
387.5
434.5
485
532
579
627
679
725.5
0
439
7705
115
158
192
229
267.5
302.5
340.5
381.5
41805
454
496
540
576
S,- 2r>
48
6" Eccentricity -6' Panel (5)
Divisions
Load Strain -,25 -,40 -,50 -.60 -,75
0
65
100
125
150
170
190
210
230
250
260
280
310
340
360
380
410
430
450
470
490
510
0
14.5
37
54.5
70
89.5
109
116.5
143
156
176
196
212
231
264
270
283
301
320
336
.354
378
0
+15
36
55.5
74
94
112
130.5
152
170.5
189.5
208.5
231 *
24705
269
288.5
308.5
328.5
350.5
372
392
419.5
0
.19
44
69.5
92.5
117
140.5
165.5
193.5
215.5
240.5
265.5
292.5
314
340
370.5
394
419
444.5
470.5
493.5
528
0
+16.5
42
66
92
116
141.5
167
193.5
216.5
241*5
263.5
296
316
342
368
391.5
416
442
467.5
491
526
0
.17.5
43
70
92
117
140.5
165.5
193
214
238.5
262
294
313.*5
339
364
385
410
435
461.5
483
517.5
0
413
32
5505
73
93
111.5
131
152.5
167
187.5
202.5
233.5
246.5
266
286
299
318
33705
358
374
400
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V. Discussion of Results
Under axial loading, the critical failure stress
can be approximated by the use of Euler's column formula for hinged
end conditions. This formula is:
Ser = 2 E
(I/r)2
This is based on Hooke's law, and can be used only if the stress
does not exceed the proportional limit of the material. If this is
true, the limiting value of the slenderness ratio in Euler's Region
is 70. For the purpose of computations, the proportional limit,
radius of gyration, and cross-sectional area apply to the aluminum
faces. For slenderness ratios less than 70, the critical stress
can be considered as constant and equal t o the yield point stress.
The latter would be a subject worthy of further investigation.
There are indications that the point where the stress-slenderness
ratio curve becomes constant is considerably lower than 70.
For eccentric loads, the test results are Mhe
than the values given by substituting in the modified Euler formula:
Scr = P (1 ec sec L P
A 2r EA /
It is beyond the scope of the authors to analyze the results of
the eccentric loadings further than indicating that a reduction
should be made in the allowable stress.
The authors believe that further investigation of
50
the following would be advisable:
(1) Panels having a smaller slenderness ratio
should be failed axially to determine the true limit of the Euler
Range.
(2) Panels of different dimensions should be
tested. It is possible that there is a "shape factor" permitting
the most efficient use of a sandwich panel in compression,
VI. Conclusions
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VI. Conclusions
Even though supplementary test data is necessary
before it is possible to state definitely how a sandwich panel
will act under axial and eccentric loads, it is probable that:
(1) The critical axial compressive stress is given
by Euler's Column Formula
Scr 2 E (r)2
L
where E = the modulus of Elasticity of Aluminum.
r = the radius of gyration of the aluminum faces
about the axis of buckling.
This equation is applicable as long as the stress remains within
the proportional limit. The limiting value of the slenderness
ratio - is equal to 70.
r
(2) The eccentric buckling stress of the panels does
not approximate the value given by the modified Euler equation:
S = (1 rec see L P )
2r EA)
where ec - the eccentricity ratio.
However, in design, some reduction of allowable stress should be
made. The amount of this reduction should increase with the slender-
ness ratio.
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